Axonal degeneration occurs in multiple neurodegenerative disorders of the central and peripheral nervous system. Although the underlying molecular pathways leading to axonal degeneration are incompletely understood, accumulating evidence suggests contributions of impaired mitochondrial function, disrupted axonal transport, and/or dysfunctional intracellular Ca 2ϩ -homeostasis in the injurious cascade associated with axonal degeneration. Utilizing an in vitro model of axonal degeneration, we studied a subset of mouse peripheral sensory neurons in which neurites were exposed selectively to conditions associated with the pathogenesis of axonal neuropathies in vivo. Rotenone-induced mitochondrial dysfunction resulted in neurite degeneration accompanied by reduced ATP levels and increased ROS levels in neurites. Blockade of voltage-gated sodium channels with TTX and reverse (Ca 2ϩ -importing) mode of the sodium-calcium exchanger (NCX) with KB-R7943 partially protected rotenone-treated neurites from degeneration, suggesting a contribution of sodium channels and reverse NCX activity to the degeneration of neurites resulting from impaired mitochondrial function. Pharmacological inhibition of the Na ϩ /K ϩ -ATPase with ouabain induced neurite degeneration, which was attenuated by TTX and KB-R7943, supporting a contribution of sodium channels in axonal degenerative pathways accompanying impaired Na ϩ /K ϩ -ATPase activity. Conversely, oxidant stress (H 2 O 2 )-induced neurite degeneration was not attenuated by TTX. Our results demonstrate that both energetic and oxidative stress targeted selectively to neurites induces neurite degeneration and that blockade of sodium channels and of reverse NCX activity blockade partially protects neurites from injury due to energetic stress, but not from oxidative stress induced by H 2 O 2 .
Introduction
Axonal degeneration is associated with multiple neurological conditions, including central disorders such as multiple sclerosis, Alzheimer's disease, and Parkinson's disease (Waxman, 2006; Kiryu-Seo et al., 2010; Campbell et al., 2012; Lingor et al., 2012) and peripheral neuropathies such as small fiber neuropathy (SFN) and Charcot-Marie-Tooth disease (Lacomis, 2002; Bednarik et al., 2009; Pareyson and Marchesi, 2009) . Although the molecular mechanisms that underlie axonal degeneration are incompletely understood, contributions of mitochondrial dysfunction, disruption of axonal transport, and/or dysregulation of [Ca 2ϩ ] i have been implicated in the injurious cascade leading to the degeneration of axons in numerous neurodegenerative disorders (Delettre et al., 2000; Zuchner et al., 2004; Dutta et al., 2006; Court and Coleman, 2012; Millecamps and Julien, 2013) . Impaired mitochondrial function has been proposed to contribute to axonal damage through multiple pathways, including ROS production and energetic stress due to impaired ATP production and altered Ca 2ϩ homeostasis (Court and Coleman, 2012; Park et al., 2013) . Disruption of axonal transport has also been linked to the pathogenesis of axon degeneration through diverse mechanisms, including impairment of mitochondrial health and translocation of molecular constituents (Chen and Chan, 2009; Sheng and Cai, 2012) .
Early work by Stys et al. (1992) provided evidence that sodium channel activity contributes to axonal dysfunction in an in vitro model of energetic stress. In this and subsequent studies, axonal dysfunction was linked to reduced Na ϩ /K ϩ ATPase capacity, leading to increased [Na ϩ ] i and reversal of the sodium-calcium exchanger (NCX) to operate in Ca 2ϩ -importing mode (Stys et al., 1992; Lehning et al., 1996; Li et al., 2000) . Accumulating evidence supports the hypothesis of a contribution of sodium channel activity in pathways leading to axonal degeneration. For example, sodium channel blockers provide protection of axons in in vivo models of neuroinflammatory disorders (Bechtold et al., 2005; Morsali et al., 2013) , spinal cord injury (Hains et al., 2004; Kaptanoglu et al., 2005) , and glaucoma (Hains and Waxman, 2005) . Additional support for a contribution of sodium channels in axonal degenerative pathways is provided by recent studies that identified gain-of-function mutations in sodium channels in patients with idiopathic SFN, which is accompanied by a reduced density of intraepidermal nerve fibers (Faber et al., 2012a; Faber et al., 2012b) .
Here, we determined the contribution of sodium channels and reverse sodium-calcium exchange to neurite degeneration in two in vitro models of axonal degeneration: induced mitochondrial dysfunction and microtubule disruption. Our results demonstrate that both impaired mitochondrial function and microtubule disruption targeted selectively to neurites induce neurite degeneration. We also show that blockade of sodium channels with TTX and of reverse sodium-calcium exchange with KB-R7943 partially protects neurites from injury resulting from impaired mitochondrial function but not microtubule injury. We further demonstrate that reduced Na ϩ /K ϩ -ATPase capacity can induce neurite degeneration that is partially rescued by blockade of sodium channels and reverse NCX activity, whereas oxidant (H 2 O 2 )-induced neurite degeneration is not protected by blockade of sodium channels.
Materials and Methods
Animal experiments were approved by the Institutional Animal Care and Use Committee at the VA Connecticut Healthcare System and conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the recommendations of the International Association for the Study of Pain.
Animals. Transgenic mice (of either sex) expressing Cre recombinase under control of the Nav1.8 promotor were bred with tdTomato Cre-reporter mice to yield the genotype [Nav1.8
Cre/ϩ ; Rosa26 tdTomato/tdTomato ], as described previously (Shields et al., 2012) . Nav1.8-Cre mice were derived from breeding stock originally provided by the laboratory of John Wood (University College London) and tdTomato Cre-reporter mice (B6.CgGt(ROSA)26Sor tm14(CAG-tdTomato)Hze /J; stock #007914) were purchased from Jackson Laboratories.
DRG culture. Adult mice (Ͼ4 weeks old) were deeply anesthetized (ketamine/xylazine, 100/10 mg/kg) and DRG were isolated and dissociated as described previously (Dib-Hajj et al., 2009) . Briefly, dissected ganglia were placed in ice-cold oxygenated complete saline solution (CSS), containing the following (in mM): 137 NaCl, 5.3 KCl, 1 MgCl 2 , 25 sorbitol, 3 CaCl 2 , 10 HEPES, pH 7.2, and then transferred to an oxygenated 37°C CSS solution containing 95 g/ml Liberase TM (containing highly purified collagenase I and II with a medium concentration of thermolysin; catalog #05401127001; Roche Applied Science) and 0.6 mM EDTA and incubated with gentle agitation at 37°C for 20 min, followed by 17 min in 95 g/ml Liberase TL (containing highly purified collagenase I and II with a low concentration of thermolysin; Catalog #05401020001; Roche Applied Science) and 30 U/ml papain (Worthington). The solution was aspirated and the ganglia triturated in DRG media (DMEM/F12 1:1) with 2 mM L-glutamine (Invitrogen), 100 U/ml penicillin, 0.1 mg/ml streptomycin (Invitrogen), and 10% fetal calf serum (Hyclone) containing 1.5 mg/ml bovine serum albumin (BSA; SigmaAldrich) and 1.5 mg/ml trypsin inhibitor (Roche Applied Science). The cell pellet was resuspended in DRG medium, placed on a cushion of 15% BSA in DRG medium, and centrifuged at 200 ϫ g for 10 minutes to remove non-neuronal cells.
Compartmental chambers. Compartmental chamber cultures were prepared in a manner similar to that described by Campenot et al. (2009) . Briefly, laminin-coated 35 mm (BD Biosciences) or 50 mm glass-bottom culture dishes (MatTek) were scraped with a pin-rake (200 M width of pins; Tyler Research) to create a series of parallel tracks on the substrate, which delimited neuritic growth to the parallel lanes. A droplet of 0.4% methylcellulose in DMEM /F12 was spread to cover the scratched region where the Teflon divider barrier would be situated. Teflon dividers (Camp 7; Tyler Research) were attached to the culture dish with silicon grease (Dow Corning) to create three compartments (a central cell body compartment, flanked by peripheral compartments containing lanes in which neurites would extend). Dissociated DRG neurons were seeded in the central compartment and maintained in DRG medium. Peripheral compartments contained DRG medium supplemented with 100 ng/ml each of NGF (Alomone Labs) and GDNF (PeproTech) to promote neurite outgrowth. Chambers were maintained at 37°C in a humidified atmosphere containing 5% CO 2 and media in the central and peripheral compartments were changed every 3-4 d.
Reagents and treatment of neurites. Rotenone, vincristine, oaubain, hydrogen peroxide (H 2 O 2 ), and TTX were purchased from SigmaAldrich and KB-R7943 from EMD Biosciences. Experimental reagents were added to peripheral compartments of the Campenot chambers after outgrowth of neurites into the peripheral compartment, which was 7-10 d following plating. At 3 d after treatment, half of the medium was replaced with fresh medium and experimental reagents were readministered. TTX was applied at a final concentration of 0.3 M, a concentration that blocks TTX-sensitive sodium channels such as Nav1.6 and Nav1.7 (Cummins et al., 1998) , which have been shown to be expressed along sensory axons and translocate to distal epidermal free nerve endings in the skin (Persson et al., 2010) . KB-R7943 was applied at a final concentration of 0.5 M, a concentration that preferentially blocks reverse and not forward sodium-calcium exchange (IC 50 reverse : 0.3 M, IC 50 forward 17 M; Watanabe et al., 2006) and that was used previously to demonstrate protective effects on DRG neurites (Persson et al., 2013) . Treatment with rotenone, vincristine, ouabain, and H 2 O 2 with or without TTX or KB-R7943 was studied simultaneously on sister compartments obtained from the same culture to insure that control and treatment groups were exposed to the same conditions. For all experiments, data were acquired from multiple compartments from two to three individual cultures.
Imaging and measuring of neurite lengths. Live-cell imaging of peripheral neurite compartments was performed using a Nikon Eclipse Ti microscope equipped with an environmental chamber (In Vivo Scientific) to maintain the cells in a humidified atmosphere at 37°C. TdTomatopositive neurites were visualized with TRITC optics and images acquired with NIS-Elements software (Nikon). For each neurite compartment, large-field images of the entire compartment were acquired by stitching of individual fields of view. The mean neurite length for each compartment was assessed by measuring the length of the neurites from the central compartment barrier to the tip of the 10 longest neurites (Leinster et al., 2010) . The fluorescent TdTomato reporter and live-cell imaging technique enabled each individual neurite compartment to be imaged before treatment and sequentially imaged at different posttreatment time points (i.e., days 3 and 6). For each individual neurite compartment, neurite length data at posttreatment time points (days 3 and 6) were normalized to pretreatment lengths (designated as 100) for that same compartment to account for variability in initial neurite lengths among compartments. Neurite length data at days 3 and 6 are presented as the mean normalized lengths of all compartments Ϯ SEM, where n is the number of peripheral compartments.
Statistical analysis of neurite lengths. To determine the effect of a stressor (i.e., rotenone, vincristine, ouabain, and H 2 O 2 ) on neurites, mean neurite lengths at posttreatment time points (days 3 and 6) were compared statistically with time-matched controls. Data for the timematched controls (untreated-, TTX-, and KB-R7943-only conditions) were obtained from a separate set of experiments (in the absence of a stressor: rotenone, vincristine, ouabain, or H 2 O 2 ) at days 3 and 6. Statistical comparisons between time-matched groups (e.g., untreated versus rotenone-treated neurites or TTX-versus rotenone ϩ TTX-treated neurites) were performed using Student's unpaired t test with the significance level set at p Ͻ 0.05.
To determine the neuroprotective effect of TTX and KB-R7943 on stressor-induced neurite degeneration, statistical comparisons were performed across different treatment conditions (e.g., rotenone, rotenone ϩ TTX, and rotenone ϩ KB-R7943) within an experiment at equivalent posttreatment time points (days 3 and 6). Data were analyzed using one-way ANOVA followed by Tukey's post hoc test (for multiple group comparisons) and Student's unpaired t test (for comparisons between two groups). Statistically significant differences (*p Ͻ 0.05) or lack of statistical significance (n.s.) among conditions compared are indicated by connecting lines in Figures 2, 4 , and 6.
Analysis of ATP levels. Intraneuritic levels of ATP were assessed using magnesium green (MgGreen) indicator (Leyssens et al., 1996; Baggaley et al., 2008) . Isolated DRG neurons from Na V 1.8 Cre tdTomato mice were cultured in Campenot chambers mounted on laminin-treated 50-mmdiameter glass bottom Petri dishes (MatTek) in DMEM:F-12 supplemented with 10% FBS, L-glutamine, penicillin/streptomycin, and pyruvate. At 7-10 d after plating, 1 M rotenone was administered to neurites in the peripheral compartments. After a 6 or 12 h incubation, MgGreen (15 M; Invitrogen) was added to the peripheral chambers and the cultures were incubated for 1 h. Images were acquired with a Zeiss META 510 microscope using 488 nm (for MgGreen) and 543 nm (for tdTomato) laser lines and a 63ϫ oil-immersion objective. The mean signal intensity over individual neurites was quantified for each condition (n ϭ 17 for control, n ϭ 21 for 6 h rotenone, and n ϭ 15 for 12 h rotenone). Statistical comparisons among conditions were determined using one-way ANOVA followed by Tukey's post hoc test with the criterion for statistical significance set at p Ͻ 0.05. Quantified ATP levels are presented as mean inverse values (ATP Ϫ1 ) relative to control Ϯ SEM. Quantification of ROS levels. ROS levels in neurites were measured with the oxidative stress indicator dye CM-H2DCFDA (Invitrogen). Control or rotenone-treated (1 M, 20 h) neurites were washed with DRG medium (without phenol red) and incubated in 1 M CM-H2DCFDA for 45 min at 37°C. Neurites were washed 3ϫ in DRG medium (without phenol red) and imaged with a Nikon A1R-MP confocal microscope. Neurites were identified based on the tdTomato signal (blinded to the CM-H2DCFDA signal) and the CM-H2DCFDA fluorescence imaged with the 488 nm laser line. The mean signal intensity of individual neurites (ROI determined from the tdTomato signal) was quantified and averaged for each condition (n ϭ 23 neurites for control, n ϭ 30 neurites for rotenone) and statistical comparisons were analyzed with Student's unpaired t test ( p Ͻ 0.05). Quantification was done blinded to the condition. Results are from three independent experiments and cultures.
Immunohistochemistry on skin tissue. From deeply anesthetized (ketamine/xylazine, 100/10 mg/kg) Na V 1.8
Cre/ϩ ; Rosa26 tdTomato/tdTomato mice (prepared for DRG culture), glabrous skin from the plantar surface of the hindpaws was dissected and postfixed overnight in a 0.1 M phosphate buffer containing 4% formaldehyde and 14% picric acid (4°C). The tissues were cryoprotected with 30% sucrose in 0.14 M phosphate overnight at 4°C, cryostat sectioned (12 m), and mounted on glass slides (SuperFrost Plus; Fischer). Slides were incubated in blocking solution (PBS containing 3% fish skin gelatin (Sigma), 3% normal donkey serum, and 0.3% Triton X-100) for 1 h at room temperature. Sections were then incubated with a monoclonal mouse primary antibody against ubiquitin C-terminal hydrolase 1/Protein Gene Product 9.5 (PGP9.5) (1:1000; Encore) for 1 d at 4°C, washed in PBS, incubated in secondary antibody donkey anti-mouse IgG-488 (Jackson ImmunoResearch) for ϳ2 h at room temperature, washed in PBS, and mounted (Aqua-Poly/ Mount; Polysciences). Skin sections were then imaged with a Nikon A1R-MP confocal microscope in which PGP9.5 was imaged with the 488 nm laser line and tdTomato with the 561 laser line.
Immunocytochemistry on DRG neurites in vitro. Neurites in peripheral culture compartments were washed with PBS and fixed in 4% formaldehyde solution in 0.14 M Sorensen's phosphate buffer for 10 min. After washing in PBS, neurites were incubated in blocking solution (see above) for 15 min and then primary antibody (goat anti-NCX2, 1:100; Santa Cruz Biotechnology; mouse anti-pan sodium channel clone k58/35, 1:100; Sigma; or mouse anti-Na ϩ /K ϩ -ATPase ␤, 1:100; Genetex for 2 h at room temperature). After washing in PBS, neurites were incubated in secondary antibody (donkey anti-goat IgG-488 or donkey-mouse IgG-488; Jackson ImmunoResearch). Images of neurites were acquired with Nikon C1si confocal microscope and EZ-C1 software (Nikon).
Cell death quantification. Cell death was assayed by the detection of propidium iodide (PI) fluorescence in neuronal nuclei. PI (10 g/ml) was added to the center compartment of the Campenot chambers (containing the cell bodies) and incubated for 35 min at 37°C. After incubation with PI, medium was replaced and the center compartments were imaged with a Nikon A1R-MP confocal microscope operating in spectral detection mode (separating emission spectra for tdTomato and PI). Images were acquired with a 10ϫ objective and the percentage of neurons with PI-labeled nuclei was calculated. The permeabilizing agent, digitonin (0.2% w/v; Sigma) was used as a positive control for PI labeling of nuclei. Statistical comparisons between control and rotenone-treated cultures were analyzed using Student's unpaired t test ( p Ͻ 0.05; n ϭ 21 fields of view for control and n ϭ 21 fields of view for rotenone) from three independent cultures. Quantification was done blinded to the condition.
Ca 2ϩ imaging in neurites. Ca 2ϩ levels in neurites were assayed using the ratiometric intracellular calcium indicator Fura-2-AM (Invitrogen). Neurites in peripheral culture compartments were loaded with 2 M Fura-2-AM in standard bath solution (SBS) containing the following (in mM): 140 NaCl, 3 KCl, 1 MgCl 2 , 1 CaCl 2 , and 10 HEPES, pH 7.3, 320 mOsm, with 0.02% Pluronic (Invitrogen) at room temperature for 2 h. Neurites were illuminated every 2 s with alternatively 340, 380, and 554 nm light using a Nikon Ti-E inverted microscope equipped with a fastswitching xenon light source (Lambda DG-4; Sutter Instruments), a UVtransmitting 40ϫ objective (1.3 numerical aperture, oil-immersion, Super Fluor; Nikon) and a 1.5 ϫ optical zoom. Intact neurites identified from the tdTomato signal (blinded to the Fura-2 signals) were selected for Ca 2ϩ imaging and images were captured using a QuantEM CCD camera (Princeton Instruments).
Stimulation protocol for Ca 2ϩ imaging. Peripheral culture chamber compartments containing neurites were microperfused at a constant flow rate using a computerized valve system (ValveLink 8.2; AutoMate Scientific). To measure Ca 2ϩ transients in activated neurites, membrane depolarization was induced by perfusion with high [K ϩ ] solution (SBS containing 140 mM KCl/10 mM NaCl) according to the following perfusion protocol (in seconds from start of image acquisition): (30) SBS, (90) high [K ϩ ]solution, and (150) SBS. Ca 2ϩ imaging data analysis. Acquired images were digitized and analyzed with NIS-Elements software (Nikon). Based on tdTomato signal, images were thresholded and a binary mask created over tdTomatopositive neurites. For each neurite studied, an ϳ50-m-long segment of the binary mask overlying the neurites was defined as the ROI and, for each time frame, the F 340 and F 380 mean pixel intensity were measured (F 340 and F 380 represent Fura-2 emission intensities measured with 340 and 380 nm excitation, respectively) and background correction performed. The ratio of F 340 /F 380 was calculated for each time frame and average values from all recorded neurites are presented in graphs. Two sets of experiments were performed, the first comparing control (n ϭ 23) and rotenone-treated (n ϭ 23) and the second comparing rotenone-(n ϭ 13) and rotenone ϩ TTX (n ϭ 17)-treated neurites. Comparisons between R 340/380 values were made within each set of experiments and not between the different sets of experiments due to different exposure settings between the two sets of experiments. The clearance of cytosolic Ca 2ϩ was measured as area under the curve (AUC) from the time of t ϭ 105 s to t ϭ 200 s and differences between groups were analyzed using Student's unpaired t test with the criterion for statistical significance set at p Ͻ 0.05.
Results

In vitro model of axonal degeneration
To study axonal degeneration in vitro, we used a model system of cultured DRG neurons. Axons projecting from DRG neurons are known to degenerate in multiple peripheral neuropathies (Pardo et al., 2001; England and Asbury, 2004; Pavlakis et al., 2012) ; for example, in some sensory neuropathies, small diameter-(C-and A␦-) fibers that project to the epidermal layer of the skin appear to be particularly prone to degeneration (Lacomis, 2002; Bednarik et al., 2009; Tavee and Zhou, 2009) . Peripheral sensory axons targeted to the skin have been shown to express sodium channel Na V 1.8 (Persson et al., 2010; Shields et al., 2012) . To study these Na V 1.8-expressing neurons, we used the Cre-lox recombination system, crossing Na V 1.8
Ϫ/Cre mice with Rosa26 floxed-stop tdTomato-expressing reporter mice, inducing expression of the red fluorescent tdTomato protein in Na V 1.8-expressing cells (Shields et al., 2012) . Figure 1A demonstrates the presence of tdTomato reporter protein within the nerve terminals (identified with PGP9.5 immunoreactivity) in the epidermis of Na V 1.8 Ϫ/Cre /tdTomato mice. Axons in vivo may be confronted with vastly different microenvironments compared with cell bodies, such as, for example, the distal ends of sensory nerve fibers that terminate as naked nerve endings in the epidermis compared with the satellite cell-ensheathed cell bodies located within the DRG, which can be located Ͼ1 m distant. To establish a model system that allows selective targeting of neurites without direct action on cell bodies, we used a compartmented culturing system (Campenot, 1977; Campenot et al., 2009) . DRG neurons from adult Na V 1.8-Cre tdTomato mice were seeded in the central compartment of the culturing chambers and, attracted by growth factors, neurites extended into the peripheral compartments. The tdTomato protein was expressed and transported along the growing neurites so that visualization of the tdTomato signal using fluorescence microscopy permitted sequential live assessment of neurite lengths. Neurites exhibited a linear growth pattern along the scored lanes of the substrate within the peripheral culture compartment (Fig. 1B) . Seven to 10 d after plating, neurites had extended a considerable distance into the peripheral compartment and selective application of experimental reagents to neurites (and not to cell bodies, which were located in the central compartment) could be performed. In nonexperimentally treated peripheral compartments, neurites exhibited continued growth throughout the 6 d of experiments (Fig. 1B) .
Mitochondrial complex I inhibitor rotenone induces neurite degeneration when targeted to neurites
Mitochondrial dysfunction has been associated with multiple neurodegenerative disorders in the CNS and in peripheral neuropathies (Courchesne et al., 2011; Court and Coleman, 2012) . To examine neurite integrity in response to impairment of mitochondrial function in an in vitro model of peripheral axonal degeneration, we selectively exposed neurites to the mitochondrial complex I inhibitor rotenone, which causes disruption of the electron transport chain. As demonstrated in Figure 2A , 1 M rotenone administered to neurites induced substantial neurite degeneration at day 3 and a nearly complete degeneration of neurites at day 6 after treatment. Comparison of rotenone-treated neurites ( Fig. 2B ) with untreated time-matched control neurites (Fig. 2F ) demonstrates that rotenone induced significant neurite degeneration at days 3 and 6 compared with time-matched controls (rotenone: day 3, 19.8 Ϯ 3.9; day 6, 9.2 Ϯ 1.9 vs control: day 3, 119.5 Ϯ 13.6; day 6, 140.7 Ϯ 15.7; Student's unpaired t test; p Ͻ 0.05), producing decreases in neurite lengths of ϳ83% and ϳ93% at days 3 and 6, respectively. Rotenone applied to one side compartment did not cause neurite degeneration in the contralateral compartment (data not shown).
Sodium channels contribute to rotenone-induced neurite degeneration
Previous studies on whole nerve preparations from CNS and PNS have shown that sodium channel activity contributes to axonal dysfunction under conditions of energetic stress induced by anoxia (Stys et al., 1992; Fern et al., 1993; Lehning et al., 1996) . As demonstrated in Figure 2E , neurites within the peripheral compartments of Campenot chambers exhibit robust voltage-gated sodium channel immunoreactivity along their lengths, establishing that sodium channels are translated and transported to the neurites in our system.
To study the effect of rotenone on neurites under conditions of sodium channel blockade, we administered rotenone to neurites simultaneously with the sodium channel blocker TTX at a concentration of 0.3 M (a dose known to block TTX-sensitive sodium currents; Catterall et al., 2005) . As seen in Figure 2A , treatment with rotenone in the presence of TTX caused reduced neurite lengths at 3 and 6 d after treatment. Time-matched comparisons demonstrated that neurites treated with rotenone ϩ TTX (Fig. 2B ) exhibited significant neurite degeneration at days 3 and 6 compared with TTX-treated controls (rotenone ϩ TTX: day 3, 50.8 Ϯ 7.3; day 6, 37.7 Ϯ 10.1 vs TTX: day 3, 117.9 Ϯ 10.5; day 6, 122.8 Ϯ 11.1; Student's unpaired t test, p Ͻ 0.05; Fig. 2F ), producing decreases in neurite lengths of ϳ57% and ϳ69% at days 3 and 6, respectively. The decreases in neurite lengths after rotenone ϩ TTX treatment were smaller than those after treatment with rotenone alone (ϳ83% and ϳ93% reductions at days 3 and 6, respectively). To determine statistically whether TTX exerts a protective effect on rotenone-induced neurite degeneration, comparisons across treatment conditions were performed (Fig.  2B ). As demonstrated in Figure 2B , TTX, when coadministered with rotenone, significantly protected neurites from rotenone-induced degeneration at days 3 and 6 (p Ͻ 0.05). Together, these analyses demonstrate that TTX did not completely inhibit rotenone-induced neurite degeneration, but exerted a partial protective effect on rotenone-exposed neurites.
Control experiments and subsequent across-group comparisons of untreated controls and TTX-only conditions demonstrated that blockade of sodium channels with TTX did not alter neurite growth in the absence of rotenone. Neurites in peripheral chambers treated with TTX displayed mean neurite lengths that were not statistically different from those of neurites in untreated peripheral chambers at days 3 and 6 after treatment ( p ϭ 0.99; Fig. 2F ). Neurites continue to extend from day 0 (d0) to day 6 (d6). To visualize individual fine neurite endings, brightness/contrast was increased uniformly for d0, d3, and d6 panels in the distal-most part of chamber (to the right of gray gutter). Scale bar, 500 M.
Inhibiting reverse (Ca 2؉ -importing) mode of NCX protects rotenone-exposed neurites from degeneration NCX is an antiporter membrane protein and an important contributor to Na ϩ /Ca 2ϩ homeostasis of cells. Under normal conditions, NCX operates in a forward mode, extruding Ca 2ϩ from the cell in exchange for Na ϩ . However, elevated intracellular Na ϩ concentrations can drive reverse (Ca 2ϩ -importing) mode of NCX, which can lead to Ca 2ϩ -driven injury. As demonstrated in Figure 2E , neurites in the peripheral compartment displayed NCX2 immunolabeling. To determine whether reverse, Ca 2ϩ -importing operation of NCX can contribute to rotenoneinduced neurite degeneration in our in vitro model of axonal degeneration, we treated neurites with 0.5 M KB-R7943, a concentration that selectively inhibits the reverse mode of NCX (Watanabe et al., 2006) and that was used previously to demonstrate protective effects on DRG neurites (Persson et al., 2013) .
As demonstrated in Figure 2A , treatment with rotenone in the presence of KB-R7943 caused reduced neurite lengths at days 3 and 6 after treatment. Time-matched comparisons demonstrated that neurites treated with rotenone ϩ KB-R7943 (Fig. 2B ) exhibited significant neurite degeneration at days 3 and 6 compared with KB-R7943-treated controls (rotenone ϩ KB-R7943: day 3, 44.3 Ϯ 5.2; day 6, 25.8 Ϯ 8.4 vs KB-R7943: day 3, 129.7 Ϯ 8.0; day 6, 152.5 Ϯ 5.2; Student's unpaired t test, p Ͻ 0.05; Fig. 2F ), Figure 2 . Rotenone-and vincristine-induced neurite degeneration. A, Exposure of neurites to rotenone (1 M) induces substantial degeneration at day 3 and nearly complete degeneration at day 6 after administration. Blockade of sodium channels with TTX (0.3 M) and reverse NCX activity with KB-R7943 (0.5 M) partially protects rotenone-treated neurites from degeneration. B, Across-treatment-group comparisons demonstrates that TTX provides significant protection from rotenone-induced degeneration at days 3 and 6, whereas KB-R7943 provides significant protection at day 3 after treatment only (*p Ͻ 0.05 compared with equivalent day of rotenone treatment only, n.s. ϭ not significant; n ϭ 7, 6, and 7 compartments for rotenone, rotenone ϩ TTX, and rotenoneϩKB-R7943 conditions, respectively). Neurite lengths are normalized to pretreatment lengths (pre) for each individual neurite compartment at days 3 and 6, respectively. C, Exposure of neurites to vincristine induces substantial degeneration at day 3 after administration and increased degeneration at day 6. TTX and KB-R7943 treatment does not provide a protective effect on vincristine-induced neurite degeneration at day 3 or day 6 after administration. D, Across-treatment-group comparisons demonstrate that TTX and KB-R7943 do not provide significant protection from vincristine-induced neurite degeneration at days 3 and 6 (not significant, n.s.; compared with equivalent day for vincristine only; n ϭ 7, 8, and 5 compartments for vincristine, vincristine ϩ TTX, and vincristine ϩ KB-R7943 conditions, respectively). Neurite lengths are normalized to pretreatment lengths (pre) for each individual neurite compartment at days 3 and 6, respectively. E, Neurites of DRG neurons from Nav1.8-Cre/tdTomato mice within peripheral culture chamber compartments exhibit sodium channel (green; top left) and NCX2 (green; top right) immunoreactivity. F, Control neurites treated with TTX or KB-R7943 exhibit continued growth at days 3 and 6 after administration, demonstrating that blockade of sodium channels with TTX or of reverse NCX with KB-R7943 does not alter the temporal distribution of neurite lengths compared with equivalent day of control; (not significant, n.s.; n ϭ 4 compartments each for control, control ϩ TTX, and control ϩ KB-R7943 conditions). Data are presented as mean Ϯ SEM.
producing decreases in neurite lengths of ϳ66% and ϳ83% at days 3 and 6, respectively. To evaluate statistically whether KB-R7943 protects neurites from rotenone-induced degeneration, comparisons across treatment conditions were performed (Fig.  2B) . As demonstrated in Figure 2B , KB-R7943, when coadministered with rotenone, significantly protected neurites from rotenoneinduced degeneration at day 3 (p Ͻ 0.05). At day 6, however, KB-R7943 did not exert a protective action on rotenone-induced neurite degeneration (p ϭ 0.19; Fig. 2B ). Together, these analyses show that KB-R7943 did not completely inhibit rotenoneinduced neurite degeneration, but did exert a partial protective effect on rotenone-treated neurites at an initial (day 3) but not later (day 6) posttreatment time point.
Control experiments and subsequent across-group comparisons of untreated controls and KB-R7943-only conditions demonstrated that blockade of reverse NCX activity with KB-R7943 did not alter neurite growth in the absence of rotenone. Neurites in peripheral chambers treated with KB-R7943 displayed mean neurites lengths that were not statistically different from those of neurites in untreated peripheral chambers at individual posttreatment time points ( p ϭ 0.80; Fig. 2F ).
Sodium channel and NCX inhibitors do not protect from vincristine-induced neurite degeneration
In addition to mitochondrial dysfunction, axonal neuropathies have been linked to impaired axonal transport resulting from damage to microtubules (Millecamps and Julien, 2013) . For example, the microtubule disrupting, chemotherapeutic agent vincristine induces severe sensory neuropathies in many patients and neurite degeneration in explant DRG cultures (Wang et al., 2000; Boyette-Davis et al., 2013) . However, it is not known whether the activities of sodium channels and/or reverse NCX participate in the vincristine-induced axonal degeneration. Vincristine (10 M) administered to neurites resulted in reduced neurite lengths at days 3 and 6 after treatment (Fig. 2C) . Timematched comparisons demonstrated that neurites treated with vincristine ( Fig. 2D ) exhibited significant neurite degeneration at days 3 and 6 compared with untreated controls (vincristine: day 3, 38.4 Ϯ 7.4; day 6, 33.4 Ϯ 5.9 vs control: day 3, 119.5 Ϯ 13.6; day 6, 140.7 Ϯ 15.7; Student's unpaired t test, p Ͻ 0.05; Fig. 2F ), producing decreases in neurite lengths of ϳ68% and ϳ76% at days 3 and 6, respectively.
In contrast to rotenone-induced neurite degeneration, vincristine-induced degeneration was not attenuated with coadministration of TTX or KB-R7943 (Fig. 2C) . Statistical comparisons of vincristine ϩ TTX-treated neurites (Fig. 2D) with TTX-treated time-matched controls (Fig. 2F ) demonstrated that vincristine coadministered with TTX induced significant neurite degeneration at days 3 and 6 (vincristine ϩ TTX: day 3, 58.8 Ϯ 9.7; day 6, 27.1 Ϯ 3.1 vs TTX: day 3, 117.9 Ϯ 10.5; day 6, 122.8 Ϯ 11.1; Student's unpaired t test, p Ͻ 0.05), producing decreases in neurite lengths of ϳ50% and ϳ78% at days 3 and 6, respectively. Similar comparisons of vincristine ϩ KB-R7943-treated neurites ( Fig. 2D ) with KB-R7943-treated timematched controls (Fig. 2F ) demonstrated that vincristine coadministered with KB-R7943 induced significant neurite degeneration at days 3 and 6 (vincristine ϩ KB-R7943: day 3, 38.6 Ϯ 5.0; day 6, 20.3 Ϯ 5.7 vs KB-R7943: day 3, 129.7 Ϯ 8.0; day 6, 152.5 Ϯ 5.2; Student's unpaired t test, p Ͻ 0.05), producing decreases in neurite lengths of ϳ70% and ϳ87% at days 3 and 6, respectively. Across-treatment-group comparisons of neurite lengths after treatment with vincristine, vincristine ϩ TTX, and vincristine ϩ KB-R7943 are shown in Figure 2D and demonstrate that blockade of sodium channels with TTX did not protect vincristine-treated neurites from degenerating at day 3 ( p ϭ 0.20 compared with vincristine treatment only) or day 6 ( p ϭ 0.60 compared with vincristine treatment only). Similarly, KB-R7943 treatment did not provide protection from vincristine-induced degeneration at day 3 ( p ϭ 1 compared with vincristine treatment only) or day 6 ( p ϭ 0.20 compared with vincristine treatment only).
Intraneuritic ATP levels are reduced in rotenonetreated neurites
Rotenone application has been shown previously to reduce ATP levels in dissociated DRG cultures (Press and Milbrandt, 2008) . To establish whether rotenone treatment targeted selectively to neurites attenuates intraneuritic levels of ATP, the MgGreen assay was used. MgGreen indirectly measures the change in cellular ATP concentration, with ATP reduction seen as increased fluorescence intensity (Leyssens et al., 1996; Baggaley et al., 2008) . As demonstrated in Figure 3A , 6 and 12 h of rotenone treatment led to increased signal intensity of MgGreen in the neurites, indicating reduced levels of cellular ATP. Quantification of MgGreen signal intensity over individual neurites demonstrates a significant decrease in cellular ATP levels at 6 h after rotenone treatment (0.51 Ϯ 0.04) and a further reduction at 12 h after treatment (0.41 Ϯ 0.04 a.u.) compared with control values (1.1 Ϯ 0.07 a.u.; p Ͻ 0.05; Fig. 3B ).
Impaired function of Na
؉ /K ؉ ATPase induces neurite degeneration that is attenuated by blockade of sodium channels Na ϩ /K ϩ -ATPase is crucial for maintaining the ionic homeostasis and the resting membrane potential of neurons and its operation requires ATP. Neurites in the peripheral culture compartment exhibited robust Na ϩ /K ϩ -ATPase immunolabeling (Fig. 4A ). To mimic rotenone-induced attenuated ATP levels and a subsequent reduced capacity of the Na ϩ /K ϩ -ATPase, we blocked Na ϩ /K ϩ -ATPase with 250 M ouabain. Figure 4B demonstrates that selective administration of ouabain to neurites caused a reduction in neurite lengths at days 3 and 6 after treatment. Time-matched comparisons demonstrated that neurites treated with ouabain ( Fig. 4C ) exhibited significant degeneration at days 3 and 6 compared with untreated control neurites (ouabain: day 3, 69.6 Ϯ 4.4; day 6, 52.1 Ϯ 5.3 vs control: day 3, 119.5 Ϯ 13.6; day 6, 140.7 Ϯ 15.7; Student's unpaired t test, p Ͻ 0.05; Fig. 2F ), producing decreases in neurite lengths of ϳ42% and ϳ63% at days 3 and 6, respectively.
To determine the contribution of sodium channels to ouabaininduced neurite degeneration, we coadministered TTX and ouabain to neurites. Time-matched comparisons demonstrated that neurites treated with ouabain ϩ TTX (Fig. 4C ) exhibited significant neurite degeneration at days 3 and 6 compared with TTX-treated controls (Fig. 2F ) (ouabain ϩ TTX: day 3, 87.9 Ϯ 2.0; day 6, 80.4 Ϯ 3.0 versus TTX: day 3, 117.9 Ϯ 10.5; day 6, 122.8 Ϯ 11.1; Student's unpaired t test, p Ͻ 0.05), producing decreases in neurite lengths of ϳ25% and ϳ35% at days 3 and 6, respectively. Figure 4B demonstrates a protective effect of TTX on ouabain-induced neurite degeneration at days 3 and 6 after treatment (Fig. 4B) . To determine statistically whether TTX exerted a protective effect on ouabain-exposed neurites, comparisons across treatment conditions were performed. As demonstrated in Figure 4C , TTX significantly protected neurites from ouabaininduced degeneration at days 3 and 6 ( p Ͻ 0.05). Together, these analyses show that TTX did not completely inhibit ouabaininduced neurite degeneration, but provided a partial protection of ouabain exposed neurites.
In a separate set of experiments, we examined the effect of KB-R7943 on ouabain-induced neurite degeneration. In this set of experiments, neurites treated with ouabain displayed significant degeneration at days 3 and 6 compared with timematched untreated controls (ouabain: day 3, 40.4 Ϯ 3.0; day 6, 31.3 Ϯ 2.9 vs control: day 3, 119.5 Ϯ 13.6; day 6, 140.7 Ϯ 15.7; Student's unpaired t test, p Ͻ 0.05), producing decreases in neurite lengths of ϳ66% and ϳ78% at days 3 and 6, respectively. Neurites treated with ouabain ϩ KB-R7943 demonstrated significant degeneration at days 3 and 6 compared with time-matched KB-R7943-treated controls (ouabain ϩ KB-R7943: day 3, 55.2 Ϯ 5.2; day 6, 42.3 Ϯ 3.7 vs KB-R7943: day 3, 129.7 Ϯ 8.0; day 6, 152.5 Ϯ 5.2; Student's unpaired t test, p Ͻ 0.05), producing decreases in neurite lengths of ϳ58% and ϳ72% at days 3 and 6, respectively. Across treatment condition analyses revealed that KB-R7943 significantly protected neurites from ouabain-induced degeneration at days 3 and 6 (p Ͻ 0.05).
Elevated ROS levels in rotenone-treated neurites
In addition to impaired ATP production, rotenone has also been shown to cause elevated levels of ROS in neurites when administered to dissociated DRG cultures (Press and Milbrandt, 2008) . To determine whether rotenone elevates ROS levels when targeted specifically to neurites, we measured intraneuritic ROS levels using the oxidative stress indicator dye CM-H2DCFDA. As demonstrated in Figure 5A , tdTomato-positive neurites exposed to 1 M rotenone for 20 h (with no rotenone in the central compartment containing all cell bodies) exhibited enhanced CM-H2DCFDA signal compared with control neurites. Quantification of CM-H2DCFDA signal intensities from tdTomato-positive neurites revealed ϳ43% greater ROS levels in rotenone-treated neurites (142.8 Ϯ 12.8%) compared with untreated control neurites (99.9 Ϯ 6.0%, p Ͻ 0.05; Fig. 5B ). A, Neurites of DRG neurons from Nav1.8-Cre/tdTomato mice within peripheral culture chamber compartments exhibit Na ϩ /K ϩ -ATPase (green) immunolabeling. B, Inhibition of Na ϩ /K ϩ -ATPase activity with 250 M ouabain induces substantial neurite degeneration at day 3 and increased degeneration at day 6 after treatment. C, Across-treatment-group comparisons demonstrates that TTX provides significant protection from ouabain-induced degeneration at days 3 and 6 after treatment (*p Ͻ 0.05 compared with equivalent day for ouabain only, n.s. ϭ not significant; n ϭ 15 and 19 compartments for ouabain and ouabain ϩ TTX conditions, respectively). Neurite lengths are normalized to pretreatment lengths (pre) for each individual neurite compartment at days 3 and 6, respectively. Data are presented as mean Ϯ SEM. 
H 2 O 2 induces neurite degeneration that is not attenuated by blockade of sodium channel activity
To mimic increased ROS production, we administered the oxidant H 2 O 2 to neurites in the peripheral compartments. To establish a concentration of H 2 O 2 that induced significant neurite degeneration during the timeframe of our experiment (6 d), we performed preliminary studies that exposed neurites to 0, 5, 10, 50, 100, 250, and 500 M H 2 O 2 . As demonstrated in Figure 6A , concentrations of H 2 O 2 within the range of 250 -500 M were sufficient to cause substantial neurite degeneration at 3 d after treatment. From these observations, two different concentrations of H 2 O 2 , 350 and 500 M, were selected to study H 2 O 2 -induced neurite degeneration. Comparison of neurites treated with 350 M H 2 O 2 (Fig. 6B ) with time-matched untreated control neurites (Fig. 2F ) demonstrates that 350 M H 2 O 2 induced significant neurite degeneration at days 3 and 6 (350 M H 2 O 2 : day 3, 58.1 Ϯ 5.3; day 6, 49.0 Ϯ 6.7 vs control: day 3, 119.5 Ϯ 13.6; day 6, 140.7 Ϯ 15.7; Student's unpaired t test, p Ͻ 0.05), producing reductions in neurite lengths of 51% and 65% at days 3 and 6, respectively. Similar comparison of neurites treated with 500 M H 2 O 2 ( Fig. 6B ) with time-matched untreated control neurites (Fig. 2F ) demonstrate that 500 M H 2 O 2 induced significant neurite degeneration at days 3 and 6 (500 M H 2 O 2 : day 3, 40.2 Ϯ 2.5; day 6, 24.0 Ϯ 3.3 vs control: day 3, 119.5 Ϯ 13.6; day 6, 140.7 Ϯ 15.7; Student's unpaired t test, p Ͻ 0.05), producing reductions in neurite lengths of ϳ66% and ϳ83% at days 3 and 6, respectively.
To determine whether the H 2 O 2 -induced neurite degeneration was attenuated by blockade of sodium channels, we coadministered TTX and H 2 O 2 (350 and 500 M) to neurites.
Time-matched comparisons demonstrate that neurites treated with 350 M H 2 O 2 ϩ TTX (Fig. 6B) exhibited significant neurite degeneration at days 3 and 6 compared with TTX-treated controls (350 M H 2 O 2 ϩTTX: day 3, 55.0 Ϯ 6.6; day 6, 51.4 Ϯ 9.6 vs TTX: day 3, 117.9 Ϯ 10.5; day 6, 122.8 Ϯ 11.1; Student's unpaired t test, p Ͻ 0.05; Fig. 2F ), producing decreases in neurite lengths of ϳ53% and ϳ58% at days 3 and 6, respectively. Similar time-matched comparisons demonstrate that 500 M H 2 O 2 induced significant neurite degeneration at days 3 and 6 compared with TTX-treated controls (500 M H 2 O 2 ϩTTX: day 3, 45.7 Ϯ 3.9; day 6, 27.4 Ϯ 3.9 vs TTX: day 3, 117.9 Ϯ 10.5; day 6, 122.8 Ϯ 11.1; Student's unpaired t test, p Ͻ 0.05; Fig. 2F ), producing reductions in neurite lengths of ϳ61% and ϳ78% at days 3 and 6, respectively. Across-treatment-group comparisons demonstrate that blockade of sodium channels with TTX did not provide significant protection from neurite degeneration induced by 350 or 500 M H 2 O 2 at days 3 and 6 (Fig. 6B ).
Neurite degeneration induced by rotenone is autonomous from cell death
Axonal degeneration has been suggested to be an autonomous process occurring through mechanisms distinct from those of cell death and some degenerative disorders have been suggested to affect axons selectively, with no direct damage or secondary axonal degenerative-induced damage of cell bodies (Coleman and Freeman, 2010; Courchesne et al., 2011) . To determine whether neurite degeneration occurred independently of cell death, we used PI (applied to the compartment with cell bodies) as a marker of damaged cells. Three days after rotenone was administered selectively to neurites (at a time when substantial neurite degeneration had occurred), the percentage of PI-positive cells in the center compartments was not significantly different from those of controls (4.1 Ϯ 1.4% compared with 4.8 Ϯ 1.3%; Student's unpaired t test, p Ͻ 0.05; Fig. 7) , indicating that application of rotenone to peripheral compartments induced degeneration of neurites without causing cell death. As expected, membrane disruption by the positive control (digitonin) displayed robust PI labeling of nuclei (Fig. 7) .
Delayed Ca
2؉ clearance after activation of rotenone-treated neurites Primary sensory neurons express voltage-gated calcium channels and membrane depolarization initiates rapid influx of Ca 2ϩ . Under normal conditions, Ca 2ϩ that enters the cell during neuronal activation is quickly cleared from the cytoplasm through a battery of Ca 2ϩ -transporting mechanisms, most of which are ATP dependent (Benham et al., 1992; Werth et al., 1996; Gover et al., 2007) . Proper Ca 2ϩ regulation is crucial for neuronal survival and pathologically elevated cytosolic Ca 2ϩ levels can trigger multiple destructive processes, including initiation of proteolytic activity resulting in cytoskeleton disruption and DNA and organelle damage (Orrenius et al., 1989) . To examine activityinitiated Ca 2ϩ transients in rotenone-treated, energy- initiated. In rotenonetreated neurites (1 M for 20 h), the peak in R 340/380 was similar to that of control neurites (R Peak ϭ 4.6 for the control and R Peak ϭ 4.5 for the rotenone group; Fig.  8A ). However, there was a significant reduction in decay rate of the Ca 2ϩ transient after activation in these neurites compared with control (Fig. 8A) . Quantification of the Ca 2ϩ clearance rate, as measured by AUC, demonstrated a delay in clearance in rotenone-treated neurites (123 Ϯ 27 a.u.) compared with control (65.0 Ϯ 9.5 a.u.; p Ͻ 0.05; Fig. 8B ). Neurites treated with TTX in combination with rotenone exhibited a reversal of the delayed Ca 2ϩ clearance (Fig. 8C) , exhibiting AUC values of 89.3 Ϯ 11.4 compared with rotenone-treated neurites (133 Ϯ 15.2; p Ͻ 0.05; Fig. 8D ).
Discussion
Axonal degeneration has been linked to the pathophysiology of multiple neurological conditions, including CNS disorders such as multiple sclerosis, Alzheimer's disease, and Parkinson's disease (Waxman, 2006; Zambonin et al., 2011; Campbell et al., 2012; Lingor et al., 2012) and PNS disorders such as Charcot-Marie-Tooth disease and small fiber neuropathy (Lacomis, 2002; Pareyson and Marchesi, 2009 ). Although etiologically and regionally distinct, accumulating evidence suggests that these disorders share common mechanisms that can initiate injurious cascades leading to axonal 2013). Here, we used a short-term tissue culture system that isolated cell bodies from neurites to demonstrate that the metabolic inhibitor rotenone, when selectively applied to neurites of DRG neurons, induces degeneration of these neuronal processes and that blockade of sodium channels and reverse NCX activity provides partial protection from disruption of the neurites. These observations implicate a contribution of sodium channels and NCX in pathways leading to acute degeneration of axons.
Early support for a contribution of sodium channel activity in axonal degeneration pathways was provided by Stys et al. (1992) , who showed that anoxia-induced axonal damage in an in vitro optic nerve preparation was linked to persistent sodium influx through voltage-gated sodium channels. In this and subsequent studies, injury to PNS and CNS axons was associated with a reduced Na -driven injurious cascades (Stys et al., 1992; Lehning et al., 1996; Li et al., 2000) . In support of this proposal, multiple studies have demonstrated a protective effect of sodium channel blockers on axons in experimental in vivo models of PNS and CNS injuries (Bechtold et al., 2005; Kaptanoglu et al., 2005; Morsali et al., 2013) .
A link between sodium channels and axonal injury was also provided by recent studies that identified variants of sodium channels Na V 1.7 and Na V 1.8 in patients manifesting idiopathic SFN (Faber et al., 2012a; Faber et al., 2012b) . When transfected into DRG neurons in vitro, these channel variants demonstrated gain-of-function properties, leading to reduced threshold, increased frequency of evoked firing, and abnormal spontaneous firing (Faber et al., 2012a; Faber et al., 2012b) . In a functional assay examining sensory neurites in vitro, expression of the SFNassociated Na V 1.7 variant I228M was associated with impaired neurite integrity, which was rescued by the activity-dependent sodium channel blocker carbamazepine, suggesting a link between aberrant sodium channel activity and axonal damage in peripheral sensory neurons (Persson et al., 2013) .
In the present study, we determined the contribution of sodium channels to neurite degeneration of peripheral neurons in two separate in vitro models of axonal degeneration: impaired mitochondrial function and microtubule disruption. Although peripheral neuropathies can develop over decades (and initially affect longer axons that can extend for nearly a meter), we reasoned that some mechanisms contributing to axonal injury can be studied in short-term tissue culture models such as the one used here. Most previous in vitro studies that addressed mechanisms of axonal degeneration of peripheral sensory neurons examined neurites after application of experimental reagents to both cell bodies and processes using explants or dispersed DRG cultures (Wang et al., 2000; Press and Milbrandt, 2008) . However, in peripheral neuropathies, the distal nerve endings initially affected are often located Ͼ1 m away from the soma and encounter a different microenvironment in the periphery compared with cell bodies close to the CNS. Moreover, there is evidence suggesting that mitochondria in soma and axons exhibit distinct properties, such as differential susceptibility to environmental stressors and toxins (Court and Coleman, 2012) . We cultured DRG neurons in compartmental chambers, separating cell bodies and neurites, thus allowing selective treatment of neurites without affecting cell bodies directly (Campenot et al., 2009 ).
Compromised mitochondrial function in neurites was induced by application of rotenone, an agent that disrupts cellular respiration by inhibiting complex I of the mitochondrial electron transport chain (Arnold et al., 2011; Heitz et al., 2012; Huang et al., 2013) . Rotenone was shown previously to cause axonal degeneration when administered to cell bodies and neurites in DRG cultures in vitro (Press and Milbrandt, 2008) . We found that rotenone applied selectively to neurites induced degeneration of these processes, which was attenuated by blockade of sodium channels with TTX, and of reverse sodium-calcium exchange with KB-R7943, suggesting a contribution of sodium influx and reversed action of NCX in the degenerative pathway. Importantly, TTX and KB-R7943 did not completely inhibit rotenoneinduced neurite degeneration in our in vitro model, but rather provided a partial protective effect on the neurites. These observations thus indicate that sodium channels and reverse NCX activity participate in the pathological processes resulting in axonal degeneration under conditions of impaired mitochondrial function, along with additional injurious mechanisms that require further study.
The downstream molecular pathways by which mitochondrial dysfunction causes axonal degeneration have yet to be fully elucidated; however, both impaired ATP production and oxidative stress (e.g., production of ROS) have been suggested as key components in the degenerative process (Court and Coleman, 2012; Federico et al., 2012; Park et al., 2013) . To examine these constituents of the degenerative pathway in rotenone-treated neurites, we first established that rotenone targeted selectively to neurites reduced ATP and increased ROS levels in the neurites. In neurons, a major portion of available ATP is used by the Na ϩ / K ϩ -ATPase in the transport of Na ϩ and K ϩ ions against their concentration gradients to maintain ionic gradients across the cell membrane. Na ϩ /K ϩ -ATPase activity represents ϳ50% of all energy consumption in the brain (Ames, 2000) . In energydeprived axons, as under conditions of impaired cellular respiration and reduced mitochondrial ATP production, increased Na ϩ -influx as a result of reduced capacity for Na ϩ export by Na ϩ /K ϩ -ATPase and subsequent membrane depolarization would thus be predicted to occur. Thin, unmyelinated axons would be anticipated to be particularly vulnerable to fluctuations in intraaxonal ATP levels due to their high surface-to-volume ratio, high input resistance, and short diffusional and electrotonic length constant, requiring significant Na ϩ /K ϩ -ATPase activity to maintain ionic gradients Donnelly, 2008) . It is interesting that unmyelinated, small-diameter peripheral axons in human nerves appear to be especially sensitive to hypoxia (Malik et al., 1990) . Impaired Na ϩ /K ϩ -ATPase activity in ATP-deficient neurites was mimicked by pharmacological blockade of Na ϩ /K ϩ -ATPase with ouabain (Agrawal and Fehlings, 1996) . Ouabain induced neurite degeneration that was ameliorated by sodium channel blockade. In contrast, the oxidant H 2 O 2 caused neurite degeneration that was not protected by blockade of sodium channels. These observations are consistent with a contribution of sodium channels in degradative pathways induced by low intraneuritic ATP levels, but not increased levels of ROS. These findings are in contrast to those of Press and Milbrandt (2008) , who found that blockade of sodium channels was not protective after oxidant stress applied to cell bodies and neurites of dispersed DRG cultures.
In addition to impaired mitochondrial function, we examined whether sodium channels and reverse NCX activity can contribute to neurite degeneration induced by microtubule disruption. We used the chemotherapeutic agent vincristine, which disrupts microtubule polymerization and elicits neurite degeneration in cultured DRG neurons (Wang et al., 2000) . Similar to rotenone, vincristine induced degeneration when administered to neurites, but blockage of sodium channels or reverse NCX activity did not protect neurites, indicating that alternative pathways contribute to neurite degeneration in these two models of axonal degeneration.
Sustained increased intracellular Ca 2ϩ levels are associated with the onset of degradative cascades leading to axonal degeneration (Stirling and Stys, 2010; Wang et al., 2012) . To determine whether rotenone-treated neurites exhibit reduced capacity to restore Ca 2ϩ levels after neuronal activity, ratiometric Fura-2-based Ca 2ϩ imaging was used to examine intraneuritic Ca 2ϩ transients. Neuritic membrane depolarization caused a rapid influx of Ca 2ϩ into neurites, followed by an initial fast and then slower sustained recovery of [Ca 2ϩ ] i levels. In comparison with controls, rotenone-treated neurites exhibited a delayed recovery of [Ca 2ϩ ] i levels, possibly reflecting a reduction in available cytosolic ATP and impaired function of ATP-driven Ca 2ϩ -exporting pumps. The delay in Ca 2ϩ clearance occurs in the later phase of recovery, whereas the initial decrease in Ca 2ϩ transient seems unaffected in rotenone-treated neurites. Consistent with this observation, NCX appears to be a major contributor to initial, ATP-independent Ca 2ϩ export after Ca 2ϩ load; NCX has a low affinity for Ca 2ϩ , but is known to operate as a high-capacity Ca 2ϩ exporter at intracellular Ca 2ϩ levels exceeding the physiological range (DiPolo and Beaugé, 1979; Carafoli et al., 2001) . TTX application to rotenone-treated neurites enhanced Ca 2ϩ -clearance after depolarization compared with neurites without TTX treatment, correlating with the protective effect of TTX on degenerating rotenone-treated neurites.
Our results demonstrate that the activity of sodium channels and NCX can contribute to axonal injury of peripheral axons resulting from mitochondrial dysfunction and impaired activity of Na ϩ /K ϩ -ATPase. Fern et al. (1993) demonstrated that the clinically used sodium channel blockers phenytoin and carbamazepine can protect optic nerve axons from anoxic injury in vitro. The present results suggest that blockade of sodium channels or reverse NCX, either nonselective or targeting specific isoforms, merit further study as an approach that might provide a protective effect in CNS and PNS disorders that are associated with axonal degeneration.
